Introduction

56
Temporal lobe epilepsy (TLE) is a chronic neurological disorder characterized by 57 abnormal network synchronization emanating from the hippocampus (HPC) and/or the 58 parahippocampal region (Avoli et al. 2002) . The epileptic HPC is of important clinical 59 interest as it is theorized to augment epileptic activity (Paré et al. 1992 ) and TLE patients 60 often present hippocampal sclerosis. Often, individuals with TLE exhibit 61 pharmacoresistance to anti-epileptic medication and require surgical removal of the 62 epileptic focus to control chronic seizure activity. Extraction of the epileptic 63 hippocampus and parahippocampus can provide complete seizure relief in 80 to 90% of 64 drug resistant epileptic patients (Engel 1993 Sammaritano et al. 1991) . It is unclear why epileptiform events are 74 more likely to occur during SWS but it may be related to the presence of large amplitude 75 synchronized slow oscillations. These SWS patterns reflect a strong degree of spatial 76 neuronal synchronization, which may facilitate hypersynchronous pathological 77 discharges (Kellaway 1985; Steriade et al. 1994 ). Another possibility is that the 78 excitability of the brain is enhanced during SWS states, thus lowering the threshold for 79 epileptiform events (Scharfman 2007) . 80
During deep SWS and urethane anesthesia, the adult rat HPC generates a pattern 81 of activity known as the slow oscillation (SO) (Wolansky et al. 2006 ). We have recently 82
shown that this state appears to facilitate epileptiform events generated by electrical 83 stimulation of the HPC (Nazer and Dickson 2009). Since there is a marked enhancement 84 of excitatory synaptic neurotransmission in the majority of intra-hippocampal pathways 85 during the SO (Schall et al. 2008 ), this may simply be a consequence of a general 86 facilitation of excitability. However, during ongoing SO cycles, we have also shown that 87 the phase at which excitatory synaptic transmission is maximized occurs well before the 88 phase when the majority of hippocampal units are synchronous (Wolansky et al. 2006) . 89
This differential phase-dependent phenomena within individual SO cycles could be used 90 as a tool to assess whether excitability or synchrony underlie the production of 91 epileptiform events. In this study we demonstrate that interictal-like (hereafter referred to 92 as interictal) discharges evoked by intra-hippocampal infusions of penicillin occur 93 preferentially at a phase corresponding to maximal synchrony and not synaptic 94 excitability. This suggests that it is the inherent synchrony of the SO state which may 95 predispose the HPC to epileptiform events during SWS. 96 97 98 99 Systems). Signals from the multiprobe were amplified at a final gain of 1,000 and wide-146 band filtered between 0.7 and 1,000 kHz via a 16-channel headstage (unity gain) and 147 amplifier system (Plexon, Dallas, TX). All multiprobe and monopolar field potential 148 electrode signals were referenced to the stereotaxic apparatus. Baseline recordings of 149 both activated and deactivated states were made prior to infusions. Epileptiform activity 150 following infusions was recorded until the influence of penicillin abated. Analysis of 151 hippocampal ipsilateral interictal activity and contralateral SO was restricted to the initial 152 injection that induced epileptiform events. Subsequent injections of penicillin induced 153 GABA A receptor antagonism were not included in the analysis due to concerns that both 154 ipsilateral and contralateral hemispheres might show modified EEG activity. 155
Data storage 156
All field signals were digitized on line at 1 kHz using a Digidata 1322A analog-157 to-digital board connected to a Pentium computer running the AxoScope acquisition 158 program (Molecular Devices, Union City, CA). Software controlled antialiasing filtering 159 was applied prior to digitization. 160
Perfusion and histology 161
After recording sessions, small lesions were made at the tips of recording 162 electrodes by passing 0.1-1 mA of direct current (DC) for 5 s using an isolated constant 163 current pulse generator (model 2100; A-M Systems). The multiprobe was moved slightly 164 in both the AP and ML planes to better visualize the track. These procedures allowed the 165 specification of location during histological procedures. Rats were perfused 166 transcardially, initially with physiological saline and then with 4% paraformaldehyde in 167 saline. Brains were extracted and stored overnight in 30% sucrose in 4%paraformaldehyde. The tissue was frozen with compressed CO 2 and sliced at 48 µm using 169 a rotary microtome (1320 Microtome; Leica, Vienna, Austria). Slices were then mounted 170 on gel-coated slides, allowed to dry for a minimum of 24 h, subsequently stained using 171 thionin, and coverslipped. Microscopic inspection of stained slices was used to verify 172 recording and infusion loci. The end of the cannula track was denoted as the infusion 173 location. Digital photomicrographs (Canon Powershot S45; Canon, Tokyo, Japan) were 174 taken on a Leica DM LB2 microscope, imported using Canon Remote Capture 2.7 175 software and processed with Corel PhotoPaint (Corel, Ottawa, Ontario, Canada). 176
Data processing and analysis 177
Raw field potentials were visualized with AxoScope (Molecular Devices). 178
Segments of data corresponding to both the pre-and post-injection periods were selected 179 separately for analysis. Matlab version 5.3 (MathWorks, Natick, MA) was used to 180 analyze signals in both the time and frequency domains. The results were visualized 181 using Origin 7 (Microcal Software, Northampton, MA). Spectral analysis was performed 182 on pre-injection segments and the average of peak frequencies was computed for each 183 state as described previously (Wolansky et al. 2006) . In order to confirm network state 184 during epileptiform events we performed spectral analysis of the contralateral 185 hippocampal signal. In brief, spectra were computed using Welch's periodogram 186 method. The calculation was performed on sequential Hanning windowed samples of 6-187 s-length with 2 s overlap. Spectra were inspected for characteristics of the activated 188 To assess the phase dependence of interictal activity to ongoing hippocampal SO 207 field potentials we used a similar method for determining the phase preference of unit 208 discharge to ongoing rhythmic field activity (Wolansky et al. 2006 ). In brief, we first 209 selected those traces that were classified as the SO state using the above criteria. 210
Contralateral traces were filtered in a 0.5 to 1.5 Hz bandwidth and the negative to zero 211 crossings were determined. Using these time points the occurrence of spikes were binned 212 (bin size, 18°) according to the ongoing contralateral field cycle (from 0 to 360°,i.e., one 213 zero crossing to the next). To confirm these measurements we also computed eventtriggered averages of the contralateral hippocampal signals in a six-second window 215 around the triggering of ipsilateral spikes. 216
Probe mapping methods 217
We used the multiprobe to record spontaneous SO and theta activity as well as 218 evoked and spontaneous epileptiform activities from the dorsal HPC. This method 219 allowed us to construct a laminar voltage profile and to compute the current source 220 density (CSD) profile of spontaneous and epileptiform field activity in the hippocampus. 
Where f(pi) is the field signal from probe channel i (i _ 2, 3, . . ., 13, and d is the distance 241 between adjacent channels (0.1 mm). For traces at each end of the probe (e.g., channels 1 242 and 14, the differentiation grid was based only on the immediately adjacent channel (e.g., 243 channels 2 and 13 respectively). We confirmed that this procedure yielded similar, if not 244 identical, CSD results as the three point differentiation method by successively 245 eliminating probe end channels and then re-computing and comparing results. 246
We also performed CSD analysis on high frequency filtered traces in order to 247 better visualize sink-source alternations contributing to these components of the signal 248 since they tended to be swamped by the larger-amplitude spikes. Although there appears 249 to be some controversy regarding this specific procedure our results were consistent with 250 the gross pattern and reversal of high frequency components visualized in raw unfiltered 251 traces and we confirmed that subtraction of low frequency components yielded the same 252 CSD pattern as that performed on the high frequency filtered traces. 253
Statistics 254
Average number of spontaneous epileptiform events, inter-spike interval, spike 255 amplitude range, and preferred phase of spontaneous epileptiform event occurrence were 256 compared across states using pairwise one-tailed t tests (p < 0.05). We applied circular 257 statistics (Zar 1999 ) in order to detect a phase preference of epileptiform events during 258 ongoing field cycles in each experiment and across experiments. 259
Drugs and chemicals 260
Thionin, urethane and penicillin G sodium were all purchased from Sigma (St. 261
Louis, MO). Isoflurane was purchased from Bimeda MTC Animal Health (Cambridge,  262 Ontario, Canada), para-formaldehyde from Fisher Scientific (Toronto, Ontario, Canada). 263
Results
264
Histological findings 265
We confirmed the locations of all cannulae and recoding electrode sites in both 266 hippocampi. Infusion sites ( Figure 1A ) were found mainly in the DG. Most of these were 267 just below the level of stratum granulosum (SGran) in the hilus but two sites were also in 268 stratum moleculare (SMol). All single electrode-recording positions both ipsilateral 269 ( Figure 1B ) and contralateral ( Figure 1C ) to the injection site were located in the 270 CA1/DG plane and were mostly found in and around the hippocampal fissure (stratum 271 lacunosum-moleculare (SLM) of CA1 as well as SMol of DG). Four sites were found 272 slightly higher in stratum radiatum (SRad: n=3) and just dorsal to the pyramidal cell layer 273 in stratum oriens (SOr) of CA1. Two other sites were found at the level of SGran in the 274 DG. Multiprobe tracks crossed the CA1 stratum pyramidale (SPyr) layer along the CA1-275 DG axis and generally terminated in the hilar region of the DG ( Figure 1D) . 276
Spontaneous alternations of state-dependent activity in the hippocampus 277
As previously reported (Clement et al. 2008; Wolansky et al. 2006 ), the 278 electrographic activity of the HPC under urethane anesthesia showed alternating cycles of 279 activated and deactivated states with an average period of 11.97 ± 2.27 minutes (n=9). 280
The activated state was characterized by a moderately high amplitude (1.03 ± 0.18 mV 281 peak-to-peak) theta rhythm with an average peak frequency of 2.60 ± 0.21 Hz, whereasthe deactivated state was characterized by the SO, which had a higher amplitude (2.10 ± 283 0.15 mV peak to peak) and a lower average peak frequency of 0.95 ± 0.11 Hz. Because 284 of the near-symmetrical recording locations of hippocampal sites these properties were 285 similar across hemispheres. 286
Penicillin-evoked epileptiform activity 287
In three cases, the infusion of penicillin was followed by a quickly developing and 288 prominent ictal-like event bilaterally that continued throughout the recording session 289 which made the determination of state impossible, even using the contralateral signal. 290
Therefore, these experiments were excluded from our subsequent analyses. In the 291 remaining six experiments, infusions of penicillin-induced spontaneous interictal activity 292 that showed reproducible characteristics (Figure 2 ). Interictal events appeared with a 293 short lag following infusion of penicillin (on average 6.5 ± 0.7 min, n=6). Spikes 294 consisted of a monophasic negative or positive-going potential having an average 295 duration of 59.0 ± 5.65 ms (n = 6). In one experiment these events were quickly 296 detectable on both the contralateral and ipsilateral sides while in the rest they were first 297 only apparent at the ipsilateral hippocampal site, and were only later detected in the 298 contralateral site at longer latencies (95 ± 33.7 min; n=6). An example of exclusive 299 unilateral generation is shown in Figure 2 . The lack of propagation in these six 300 experiments allowed us to characterize state in the contralateral HPC and to 301 systematically evaluate the differences in interictal activity in the ipsilateral HPC across 302
states. 303
To ensure that these interictal events were generated within the HPC itself, we 304 recorded interictal activity ipsilateral to the site of penicillin injection with a 16 channel 305 multiprobe implanted across the CA1-DG axis (n=4) ( Figure A) . This laminar analysis of 306 field potentials revealed synchronous monophasic interictal spikes across CA1 (Figure  307 3B). Spikes reversed phase just ventral to SPyr in superficial SRad becoming negative 308 dorsal to this in SOr and becoming positive ventral to this in deeper SRad and SLM. 309
Often associated with spikes were high frequency ripple-like oscillations (frequency: 310 225.3±4.9; n=4) ( Figure 3C ), which reversed phase at the level of SLM. Current source 311 density (CSD) analysis of the extracellular field potentials effectively localized the 312 transmembrane currents that corresponded to the interictal and ripple events. Spikes 313 showed a prominent sink (red) in SPyr associated with a distributed source in more apical 314 dendritic layers (SRad and SLM) ( Figure 3C ). This suggested that the interictal events 315
were likely population spikes generated by CA1 pyramidal neurons. Further assessment 316 of fast oscillatory events through CSD analysis on bandpass filtered (150 -280 Hz) 317 traces revealed maximal sink source alternations at SRad with opposing but smaller 318 alternations observed at both SLM and SPyr ( Figure 3D; n=4) . 319
State-dependent modulation of spontaneous epileptiform activity 320
We could find no preference for events to develop more in one state versus the 321 other. This was most likely due to the consistent onset of interictal events following 322 infusions that were randomly initiated with respect to ongoing state alternations. Our results demonstrate that intrahippocampal microinfusions of penicillin 368 induced short-duration; locally-generated interictal events associated with high frequency 369 oscillations. These interictal spikes were modulated by ongoing HPC state-dependent 370 oscillatory activity, becoming enhanced during SO versus theta activity. This is 371 consistent with our previous work in which we found that stimulation induced 372 epileptiform events were also modulated by HPC brain state (Nazer and Dickson 2009 underlying mechanism has been presumed to be a consequence of enhanced network 377 excitation across states. However, our present study has determined that interictal spiking 378 occurs during a phase of the SO that corresponds to maximal network synchronization 379 rather than the maximal facilitation of excitatory synaptic transmission. 380
Penicillin-induced interictal activity 381
Interictal spikes generated by penicillin were coincident and superimposed with a 382 high frequency oscillation waveform that was spatially localized within CA1 lamina and 383 reanalysed this data set using standard circular statistics (Zar, 1999) . For this, we used a 438 subset of our total number of neurons that showed sufficient spiking activity during theta 439 and SO states that allowed us to statistically evaluate phase preferences in both (n=21). 440
Of this set, 15 (71%) showed a statistically significant phase preference in SO, with 13 441 occurring in the negative-going portion (i.e., from 180-360°) of the SO cycle. The grandaverage angle, computed using the individual average angles for these 15 neurons, was 443 268 degrees, which is almost exactly at the point of peak negativity of the SO cycle 444 (Figure 7) . Thus, interictal events are preferentially expressed in a manner that is more 445 closely related (in terms of timing) to ongoing levels of network synchronization than to 446 the facilitation of excitatory neurotransmission. This suggests that it is the synchrony per 447 se during SO activity that may be the critical event triggering epileptiform activity. 448
In this respect, our findings follow those of de la Prida and colleagues (de la Prida 449 et al. 2006 )who showed that a progressive buildup of multiunit activity consistently 450 preceded epileptiform events in "driver" regions of the hippocampal slice treated with a 451
GABAergic antagonist, and suggested that this increase in baseline suprathreshold 452 activity serves to bring the network toward hypersynchrony. In the case of our in vivo 453 data, the phase and time frame of synchronized suprathreshold HPC multiunit activity 454 within the SO cycle may also serve to trigger hyper-synchronization and the generation 455 of interictal spiking. Indeed, other researchers have described an ultra-slow (0.025 Hz) 456 modulation of longer-duration epileptiform afterdischarges in the in vivo urethane 457 anesthetized rat (Penttonen et al. 1999 ) which also suggests that slow state-dependent 458 network dynamics may be at play. 459
Synchrony versus excitability in epilepsy 460
Certainly, the profound relationship between epileptic events and slow-wave sleep 461 speaks to some form of inductive mechanism. Knowledge of how this takes place would 462 undoubtedly aid in our understanding of epileptic processes. Epilepsy is often described 463
Parsing out the relative influence of changes in "excitability" or "synchrony" to epilepsy 466
per se has been difficult to assess experimentally. Certainly, the case for 467 hyperexcitability is the most commonly championed (Dichter 1997) . Indeed, during sleep 468 and sleep-like slow wave activity states, excitatory synaptic transmission does appear to 469 be enhanced in both the HPC (Schall et al. 2008 ) and neocortex (Vanderwolf et al. 1987 ) 470 during slow wave sleep. However, in some cases, synchronizing influences in the 471 absence (or even enhancement) of excitability changes have been argued to be a primary 472 factor for the generation of epileptiform events (Hochman 1997 
